A system of two quantum wells (QW), one made of HgCdTe and the other of HgCdMnTe, subjected to electric and magnetic fields F and B parallel to the growth direction, is proposed and described theoretically. It is shown that in such a system the spin g factor of mobile electrons strongly depends on the sign and magnitude of electric field. Adjusting F at a constant B one can transfer almost all electrons into one or the other QW and polarize their spins along the desired orientation. Changing B at a constant F can produce a similar transfer and polarization effect. Possible applications of the spatial reservoirs filled with spin-polarized electrons are discussed. Spin systems in semiconductors have always been an important part of solid state investigations but in the last years they attracted great interest due to possible spintronic applications. In order to process quantum information one needs to manipulate fast and coherently the local spins which could be done applying external magnetic fields. This, however, requires their precise control at small length scales which is not easy. Salis et al.
1
demonstrated that one can control the spin splitting and spin coherence using an external electric field employing parabolic Ga 1−x Al x As quantum wells (QWs) and manipulating the electron wave functions within such wells. The experiments of Salis et al were described by the present authors 2 using the k·p theory for nonparabolic It is seen that the g factor sharply depends on the magnitude and sign of F . The widths of both wells are 9 nm, the barrier width is 4 nm. * pfeff@ifpan.edu.pl bands. The k·p theory was adapted to heterojunctions in which the effective mass and the spin g factor can depend not only on the energy but also on the spatial variable along the growth direction.
In the present work we propose and describe a system that will manipulate electron spins in more sophisticated ways that those realized in Ref. 1 . Three additional possibilities are envisaged. First, the electron spin will respond not only to the intensity but also to the sign of the electric field F . Second, the spins will respond in a nonconventional way to the magnitude of magnetic field B. Third, it will be possible to create reservoirs of spin-polarized electrons in specific spatial regions. The proposed system consists of two rectangular semiconductor quantum wells separated by a barrier. The left well is made of HgCdMnTe alloy, the right one of HgCdTe alloy, the barriers are made of CdTe. Chemical compositions are chosen to make the well depths exactly or almost equal to each other. The alloy HgCdMnTe is a dilute magnetic (semimagnetic) material in which an external magnetic field creates an additional magnetization by ordering Mn ions. This additional magnetization results in a higher spin splitting of electron energies characterized by a higher effective spin-splitting factor g. By applying a positive or negative external electric field parallel to the growth direction one can transfer free electrons to either magnetic or nonmagnetic well which will strongly affect their overall spin g factor. This way, g will depend not only on the electric field intensity but on its sign as well. The other properties will become clear once the system is physically and mathematically described below.
Since the proposed alloys are relatively narrow-gap materials, we use the three-level P·p model (3 LM) for their band structures. In our description the energy gap and other band parameters are functions of z. The model explicitly takes into account 8 bands arising from the Γ cal but nonparabolic. Our formulation includes external magnetic and electric fields parallel to the growth direction. The multi-band P·p theory, which is the k·p theory generalized for the presence of an external magnetic B and electric F fields, has the form
where E is the energy, P = p + eA is the kinetic momentum, A is the vector potential of magnetic field B, and Equation (1) represents an 8×8 system of equations for eight envelope functions f l (r). Since we are interested in the eigenenergies and eigenfunctions for the conduction band, we express the valence functions f 3 , ...f 8 by the conduction functions f 1 and f 2 for the spin-up and spin-down states, respectively. The magnetic field B||z is described by the asymmetric gauge A = [−By, 0, 0] and the resulting envelope functions have the general
1/2 is the magnetic radius. After some manipulation the effective Hamiltonian for f 1 and f 2 functions isĤ
in which the effective mass is
and the g-factor is
The spin splitting is related to the band structure [the last terms in Eq. (3)] and the semimagnetic interaction. Explicitly g * M (B, z) = A M /µ B B, where A M = xα S z , x is the mole fraction of magnetic ions. The average spin component parallel to the applied magnetic field is S z = −S 0 B S (y), the total Mn spin is S = 5/2 and B S (y) is the Brillouin function. We take x = 0.08, S 0 = 1.02, α = 0.61 eV and β = -0.62 eV 6 . The small off-diagonal matrix elementsK andK † in Eq. (2) appear due to inversion asymmetry of the system along the growth direction z, which results in an additional Bychkov-Rashba spin splitting, see below. The effective mass and the g factor in Eqs. (4) and (5), respectively, are written neglecting small contributions of the semimagnetic β terms in the valence bands. Equationŝ We will consider two structures. In the first, the chemical compositions of QWs are such that without external fields their depths (conduction band offsets V C ) are identical and equal to 0.7915 eV. In the second, the the depth of the left HgCdMnTe QW is 0.7915 eV, while the depth of the right HgCdTe QW is 0.7855 eV. The zero of energy E is taken at the bottom of left QW. In Figures  1 and 2 we show calculated electron spin g values for the two structures versus an external electric field F at fixed magnetic field intensities B. It is seen that, indeed, the g values strongly depend not only on the value of F but also on its sign. Generally speaking, if the positive electric field pushes the electrons into semimagnetic QW they feel the additional magnetization of Mn ions and the overall g value is higher. It is also seen that, by changing chemical compositions of the alloy and the corresponding depth of right QW (without Mn ions), one strongly shifts the scale of electric fields, while the overall pattern of g behavior and its dependence on B remains similar.
Since we assume that the number of mobile electrons is small and the temperature is low, so the electrons will occupy the lowest Landau and spin level, one can use Figs. 1 and 2 to decide which spin level will be occupied for given values of F and B. As far as the wavefunctions in the system of two QWs are concerned, there are two factors that determine where the wave function (WF) is predominantly located. First, if the electron masses are the same for both wells, the WF is located mostly in the deeper QW. Second, if both QWs have the same depth, WF is located mostly in QW with the higher electron mass.
We consider first the case of two QWs of equal depths. Taking F = 0 and 2T≤ B ≤4T, it follows from Fig. 1 that the spin factor g is positive, so electrons will occupy the lowest level |0− . Calculated WF for this case is shown in Fig. 3 and it is seen that WF is almost entirely concentrated in left QW, which means that the electrons will be located there and they will have the spin-down orientation. If now one applies F = -5kV/cm and 1T≤ B ≤4T, it is seen from Fig. 1 that at these fields g is negative and the electrons will occupy the |0+ state. Calculation for this situation is shown in Fig. 4 and it is seen that WF for |0+ state is strongly concentrated in right QW. Thus, the application of electric field F at constant B transfers electrons from left to right QW and changes their spin orientation from spin-down to spin-up.
A similar effect can be obtained in the system of QWs having different depths. Taking F = 0 and 1T≤ B ≤4T it is seen in Fig. 2 that in this regime the spin g value is positive, so the occupied state is |0− . It follows from Fig. 5 that the calculated WF for the spin-down state is in left QW and the electrons will be located there. If now one applies the fields F = -5kV/cm and B = 1T, the g value is negative (see Fig. 2 ) and the occupied state is |0+ . The calculated WF for this situation is shown in Fig. 6 , one can again see that WF for this state is almost completely concentrated in right QW. Thus, by changing the electric field one can move electrons from left to right QW and change their spin orientation from spin-down to spin-up.
Finally, we consider the case of unequal QWs taking F = -5kV/cm at different magnetic fields. For B = 1T one reads from Fig. 2 that g ≈ -4 .6, so the electrons will be in the |0+ state and from Fig. 6 one concludes that they will be concentrated in right QW. If now for the same F =-5kV/cm the magnetic field is changed to 2T≤ B ≤4T, it follows from Fig. 2 that g becomes positive, so the occupied state is |0− . The wave function for this state at the above fields is strongly concentrated in left QW, see Fig. 6 . Thus changing the intensity of B alone at a constant electric field F one will reverse the electron spin and transfer electrons from right to left QW. In other words, electrons will move along the magnetic field, which is an unusual effect.
As mentioned above, an asymmetric structure of two QWs with a nonvanishing electric field applied along the growth direction z will result in an additional BychkovRashba spin splitting and spin mixing due to structure inversion asymmetry (SIA) 7, 8 . We considered this effect using Eq. (2). The SIA terms couple |0+ and |1− states. It turns out that the additional spin splitting is quite small and an admixture of opposite spin constitutes not more than 7.6 % of the the total wave function squared at electric fields of our interest. It should be mentioned that the same mechanism was used by Nowack et al 9 to control a single-electron spin in a quantum dot by an electric field.
Spin polarized electrons were created in the past by optical orientation (OO), exciting III-V semiconducting compounds (mostly GaAs) with circularly polarized light. Fabricated sources were subsequently used for experiments in various domains of physics: electron collisions with atoms, surface magnetism, parity nonconservation in inelastic scattering at high energies, etc 10 . The system we propose offers important advantages in comparison with OO. First, it creates almost completely spin-polarized electron gas, while OO gives 40-50% efficiency. Second, due to spin splitting by magnetic field, electrons stay a long time in their spin state, while in OO regime they quickly recombine. Third, the spin-polarized electrons are in spatial reservoirs which should facilitate applications. Finally, our system offers the following interesting possibility. If the temperature is raised, so that both |0− and |0+ levels are populated, it follows from Figs. 3 and 6 that, for 3T≤ B ≤4T, the spin-down electrons will be in left QW while the spin-up electrons will be in right QW. Thus the system spatially separates electrons with opposite spins which amounts to an effective Stern-Gerlach experiment. The latter is, as is well known, not possible with electrons in a vacuum, see Ref.
11.
